Objective-Vascular calcification is a common and severe complication in patients with atherosclerosis which is exacerbated by type 2 diabetes mellitus. Our laboratory recently reported that the collagen receptor discoidin domain receptor 1 (DDR1) mediates vascular calcification in atherosclerosis; however, the underlying mechanisms are unknown. During calcification, vascular smooth muscle cells transdifferentiate into osteoblast-like cells, in a process driven by the transcription factor RUNX2 (runt-related transcription factor 2). DDR1 signals via the phosphoinositide 3-kinase/Akt pathway, which is also central to insulin signaling, and upstream of RUNX2, and this led us to investigate whether DDR1 promotes vascular calcification in diabetes mellitus via this pathway. ; Ldlr −/− (double knock-out) mice were placed on high-fat diet for 12 weeks to induce atherosclerosis and type 2 diabetes mellitus. Von Kossa staining revealed reduced vascular calcification in the aortic arch of double knock-out compared with single knock-out mice. Immunofluorescent staining for RUNX2 was present in calcified plaques of single knock-out but not double knock-out mice. Primary vascular smooth muscle cells obtained from Ddr1 +/+ and Ddr1 −/− mice were cultured in calcifying media. DDR1 deletion resulted in reduced calcification, a 74% reduction in p-Akt levels, and an 88% reduction in RUNX2 activity. Subcellular fractionation revealed a 77% reduction in nuclear RUNX2 levels in Ddr1 −/− vascular smooth muscle cells. DDR1 associated with phosphoinositide 3-kinase, and treatment with the inhibitor wortmannin attenuated calcification. Finally, we show that DDR1 is important to maintain the microtubule cytoskeleton which is required for the nuclear localization of RUNX2. Conclusions-These novel findings demonstrate that DDR1 promotes RUNX2 activity and atherosclerotic vascular calcification in diabetes mellitus via phosphoinositide 3-kinase/Akt signaling. Visual Overview-An online visual overview is available for this article.
V ascular calcification is a severe complication in patients with cardiovascular disease and has a high prevalence in patients with type 2 diabetes (T2D) mellitus . [1] [2] [3] [4] Characterized by the deposition of calcium phosphate crystals within the extracellular matrix, calcification contributes to the stiffening of the vasculature, resulting in severe outcomes and increased morbidity. 5 Although the relationship between vascular calcification and T2D has been previously demonstrated, our understanding of the mechanisms linking the 2 pathologies remains incomplete. [6] [7] [8] Advances in our understanding of the cellular and molecular processes contributing to the pathogenesis of vascular calcification may lead to improvements in treatment by the development of more specific therapies. In this study, we show that discoidin domain receptor 1 (DDR1) mediates vascular calcification in an animal model of diabetic atherosclerosis, and using in vivo and in vitro experiments, we uncover potential mechanisms by which DDR1 may drive calcification.
DDR1 is a collagen-binding receptor tyrosine kinase which plays important roles regulating cellular differentiation, proliferation, migration, and matrix synthesis. [9] [10] [11] Studies using Ldlr-deficient mice with genetic deletion of DDR1 showed that the receptor promotes atherosclerosis and plaque instability by regulating early monocyte/macrophage infiltration and by suppressing vascular smooth muscle cell (VSMC) matrix synthesis. [12] [13] [14] Further studies demonstrated a role for DDR1 mediating vascular calcification of the atherosclerotic plaque, and in vitro studies showed that calcification of DDR1-null VSMCs was attenuated secondary to a reduction of alkaline phosphatase activity. 15 These data implicate DDR1 in the progression of vascular calcification; however, little is known about the mechanism involved.
Vascular calcification involves the transdifferentiation of VSMCs into osteochondrocyte-like cells, in a process driven by RUNX2 (runt-related transcription factor 2). [16] [17] [18] In bone development, RUNX2 is required for the commitment of mesenchymal cells to the osteochondrogenic lineage and binds to the promoters of target genes via osteoblast sensitive elements (OSEs) to regulate the transcription of genes, such as osteocalcin, alkaline phosphatase, osteopontin, and type-I collagen. 19, 20 RUNX2 is phosphorylated and regulated by several intracellular kinases, including ERK1/2 (extracellular signalrelated kinase 1/2), 21 P38 mitogen activated protein kinase (P38), 22 and PKB (protein kinase B/Akt). 23, 24 It is known that DDR1 binds and signals through phosphoinositide 3-kinase (PI3K), an upstream activator of Akt. 25, 26 Because perturbations in PI3K/Akt signaling are a hallmark of insulin resistance and T2D, [27] [28] [29] we therefore hypothesized that DDR1 may promote vascular calcification via the PI3K/ Akt signaling pathway. Although Akt is a known stimulator of RUNX2 activity and is required for osteogenic cell differentiation in bone and VSMC, 23, 24 the links between DDR1, Akt, and RUNX2 have not been previously investigated.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Animals
Animal experiments were performed in accordance with the guidelines of the Canada Council on Animal Care and the approval of the University of Toronto Faculty of Medicine Animal Care Committee. ; Ldlr −/− (double knock-out [DKO]) mice were generated as described previously.
12 At 6 weeks of age, male mice were fed Western-type high-fat diet (40% fat, 43% carbohydrate, 0.5% cholesterol; D05011404; Research Diets, New Brunswick, NJ) for 12 weeks to induce insulin resistance and atherosclerosis. Animals were euthanized and perfusion-fixed with 4% paraformaldehyde. Aortic arch tissue was isolated, and longitudinal sections were mounted onto slides and stained with Von Kossa and Alizarin red to detect mineralization by the Toronto Centre for Phenogenomics. Image analysis was performed using Nikon Elements Software. Lesion size was determined by tracing between the internal elastic lamina and plaque fibrous cap and calculating the area within. Plaque calcification was determined by thresholding the areas which were positive for Von Kossa staining and calculating the percentage of Von Kossa-positive areas. Medial calcification was measured by tracing area between internal elastic lamina and the external elastic lamina and expressing the area stained positive with Alizarin red as a percentage of total medial area.
Immunohistochemistry
Paraffin-embedded aortic arch sections were stained using standard procedures. Antibodies were used at 1:100 unless otherwise indicated. Tissues were immunolabeled for RUNX2 (12556; Cell Signaling Technology, Danvers, MA), Mac-2 (galectin-3; 87985; Cell Signaling Technology), Sox-9 (sex-determining region Y-box 9; 82630; Cell Signaling Technology), BMP-2 (bone morphogenetic protein-2; ab14933; Abcam, Cambridge, United Kingdom), osteocalcin (ab93876; Abcam), 1:200 secondary goat anti-rabbit Alexa-Fluor 488 IgG antibody (A11008; Thermo Fischer Scientific, Waltham, MA), and counterstained with Hoechst-33342 (4082; Cell Signaling Technology). Staining was visualized by epifluorescence microscopy using the Nikon Eclipse Ci microscope (Nikon, Tokyo, Japan). Image analysis was performed using Nikon Elements Software. To measure nuclear RUNX2 in plaque, nuclei were detected by first thresholding for blue and then thresholding for green to measure the area within nuclei that was RUNX2 positive. To measure overall staining in plaque, a region of interest was drawn around the plaque as described above, followed by measuring stain intensity by applying a threshold on the green channel.
Cell Culture
Primary VSMCs were isolated from Ddr1 +/+ and Ddr1 −/− C57BL/6 mouse carotid arteries as described in Hou et al. 30 Cells were propagated in DMEM (11885084; Thermo Fischer Scientific), 10% fetal bovine serum (12483020; Thermo Fischer Scientific), and 1% penicillin-streptomycin (15140122; Thermo Fischer Scientific 
Calcification Assay
VSMCs were seeded at 1563 cells/cm 2 and cultured to semiconfluency. To mimic T2D conditions and induce calcification, VSMCs were treated with calcifying media or normal media for 12 days. Calcification was determined by Alizarin red stain (2% Alizarin red stain [A5533; Sigma-Aldrich, St. Louis, MO] in water, pH 4.1) and o-cresolphthalein (C85778; Sigma-Aldrich) as previously described. 31 For Alizarin red stain, cells were fixed with 4% paraformaldehyde for 10 minutes, stained with Alizarin red for 30 minutes, and destained with water (3×5 minutes).
Immunocytochemistry
VSMCs were grown on glass coverslips (CA48366; VWR, Radnor, PA) in 6-well plates for 2 or 12 days in normal or calcifying media. Cells were treated with dimethyl sulfoxide (control), 10 µmol/L MEK (MAPK/ERK kinase) inhibitor PD98059, or 20 µmol/L P38 inhibitor SB203580. For microtubule stabilization experiments, cells were treated with 10 µmol/L taxol (T7402; Sigma-Aldrich) for 6 hours. Cells were fixed with 4% paraformaldehyde for 10 minutes, washed 3×5 minutes in PBS, permeabilized with 0.25% Triton X-100 for 10 minutes, and blocked with 1% BSA for 1 hour. (7074); horseradish peroxidase-linked mouse secondary (7076). Anti-S319-P RUNX2 antibody was provided by Dr Franceschi. 22 Immunoblots were imaged using the Kodak Image Station 4000MM Pro (Kodak, Rochester, NY) and quantified using Image-J.
Subcellular Fractionation
Cells were trypsinized, pelleted by centrifugation, washed in PBS, and then resuspended in 5 mL ice-cold lysis buffer (10 mmol/L HEPES pH 7.9, 1.5 mmol/L MgCl 2 , 10 mmol/L KCl, 0.5 mmol/L DTT (dithiothreitol), 1 complete mini EDTA-free protease inhibitor tablet [11836170001; Roche, Basel, SUI]). Cells were lysed via Dounce homogenizer and centrifuged at 228g for 5 minutes. Supernatant (cytoplasmic fraction) was collected, and the pellet was resuspended in 3 mL of buffer S1 (0.25 mmol/L sucrose, 10 mmol/L MgCl 2 , 1 protease inhibitor tablet) and overlaid by 3 mL of buffer S3 (0.88 mmol/L sucrose, 0.5 mmol/L MgCl 2 , 1 protease inhibitor tablet). Samples were centrifuged at 2800g for 10 minutes at 4°C, and the pellet was isolated as the nuclear fraction.
6OSE2 Luc Plasmid Transfection and Luciferase Assay
The 6OSE2 Luc plasmid to assess Runx2 activity was amplified as previously described. 22 Briefly, 6OSE2 plasmid was transformed into competent DH5-α (Douglas Hanahan 5 alpha) Escherichia coli according to manufacturer's instructions (C2987H; New England Biolabs, Ipswich, MA). Plasmid DNA was extracted using plasmid Maxiprep kit (K210026; Invitrogen). VSMCs were cotransfected with 5 µg of 6OSE2 plasmid and cytomegalovirus renilla luciferase plasmid, using Lipofectamine-LTX (15338100; Thermo Fischer Scientific). Cells were cultured in normal or calcifying media for 2 days and treated with 10 µmol/L MEK inhibitor PD98059 or 20 µmol/L P38 inhibitor SB203580. Runx2 activity was assessed using Dual-Luciferase Reporter Assay according to manufacturer's instructions (E1910; Promega, Madison, WI). Luminescence was measured using the Luminat LB9507 (Berthold Technologies, Bad Wildbad, DE). Relative luminescence units were obtained by normalizing firefly luciferase signal driven by RUNX2 activity to cytomegalovirus renilla luciferase signal.
Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction
RNA was isolated using the RNeasy isolation kit according to manufacturer's protocol (74104; Qiagen, Hilden, DE). RNA was quantified using the NanoDrop 2000c (Thermo Fischer Scientific). RNA was reverse-transcribed into cDNA using the SuperScript First-Strand Synthesis Kit (11904018; Invitrogen). Quantitative real-time polymerase chain reaction was performed using SYBR advantage quantitative real-time polymerase chain reaction premix kit (Clonetech, Palo Alto, CA) using the ABI7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). The following primers were used: osteocalcin (FWD 5′-GTAGTGAACAGACTCCGGC-3′, REV 5′-AGTGATACCGTAGATGCGT-3′) and Arp (FWD 5′-AGAC CTCCTTCTTCCAGGCTTT-3′, REV 5′-CCCACCTTGTCTCCA GTCTTTATC-3′). The data were analyzed using SDS 2.3 software (Applied Biosystems).
DDR1b Transfection
Plasmid containing full-length DDR1b isoform (a gift from the late Dr Wolfgang Vogel) was transformed into competent DH5-α E coli according to manufacturer's instructions (C2987H; New England Biolabs). Plasmid purification was performed using Maxi Prep DNA isolation kit according to manufacturer's instructions (K210026; Invitrogen). Plasmids containing DDR1b or empty vector were transfected into Ddr1 −/− VSMCs using Lipofectamine-3000 according to manufacturer's instructions (L3000015; Thermo Fischer Scientific). Cells were cultured in normal media for 24 hours, followed by protein isolation and analysis by immunoblot as described above.
Immunoprecipitation of DDR1
VSMCs were seeded at 4000 cells/cm 2 on 10 cm 2 plates and cultured in normal media until semiconfluency, and then treated with calcifying medium for 2 days. Cells were treated with 10 nmol/L insulin, 100 nmol/L wortmannin, or 10 µg/mL type-I collagen (C7661; Sigma-Aldrich). Protein was isolated using radioimmunoprecipitation assay buffer (9806; Cell Signalling Technology). A total of 200 µg of protein was incubated with 1:100 DDR1 antibody overnight at 4°C. A total of 20 µL of protein-A agarose beads (9863; Cell Signaling Technology) were added to each sample and incubated for 3 hours at 4°C. Samples were centrifuged for 1 minute at 14 000g and then washed by resuspending in 1× cell lysis buffer and centrifuging at 14 000g for 1 minute. The wash step was repeated 5×. Pellets were resuspended in 50 µL of 2× sample buffer (1610737; Bio-Rad Laboratories) and prepared for immunoblot as described above.
Statistical Analyses
Data were expressed as mean±SEM. Statistical methods are summarized in the Major Resources Table in the online-only Data Supplement. Data were analyzed using GraphPad Prism Software (La Jolla, CA). Normality was assessed by D'Agostino-Pearson omnibus test followed by appropriate parametric or nonparametric analyses as indicated. ; Ldlr −/− (DKO) mice were fed a high-fat diabetogenic diet for 12 weeks. SKO and DKO mice gained weight and had elevated plasma glucose consistent with metabolic dysregulation observed in T2D ( Figure  I in the online-only Data Supplement). DKO mice had reduced body weight compared with SKO mice, which was consistent with previously reported dwarfism in this genotype 32 ( Figure  IA in the online-only Data Supplement). Fasting triglycerides and high-density lipoprotein cholesterol levels were not different between SKO and DKO mice while total plasma cholesterol was lower in DKO mice because of a significant reduction in low-density lipoprotein cholesterol ( Figure II in the online-only Data Supplement). Tissue from the aortic arch was isolated and stained for Von Kossa to characterize atherosclerotic plaque development and calcification. Von Kossa staining revealed reduced vascular calcification in DKO mice compared with SKO littermate controls ( Figure 1A and 1B) . In the plaques from SKO mice, there were many cells with osteochondrocytelike morphology (basophilic cells in lacunae), present in both mineralized tissue ( Figure 1A , arrow 1) and in areas that were negative for Von Kossa staining ( Figure 1A, arrow 2) , which suggests that cell transdifferentiation precedes mineralization.
Results

DDR1 Deletion Results in Reduced
Lesion size ( Figure 1C ) and the percentage of plaque area positive for calcification ( Figure 1D ) were significantly lower in DKO mice compared with SKO mice. The percentage area of the medial layer positive for calcification was also reduced in DKO mice albeit nonsignificantly ( Figure 1E) . Sections of the aortic arch from SKO and DKO mice were stained with an antibody against RUNX2, which was highly expressed in the calcifying lesions of SKO mice but not in lesions from DKO mice ( Figure 1F and 1G) . RUNX2 staining was present within the nuclei of plaque cells in SKO mice, as evidenced by colocalization with nuclear Hoechst stain ( Figure 1H, area circled) . By contrast, nuclear RUNX2 staining was considerably reduced in aortic arch lesions from DKO mice ( Figure 1I, area circled) . Measurement of the area of nuclear RUNX2 staining revealed VSMCs ( Figure 2B ). Immunofluorescent staining for RUNX2 revealed robust nuclear localization in Ddr1 +/+ VSMCs and reduced levels of nuclear staining in Ddr1 −/− VSMCs ( Figure 2C ), which was quantified by measuring a significant decrease in the ratio of nuclear to cytoplasmic stain in Ddr1 −/− VSMCs ( Figure 2D ). RUNX2 nuclear localization was also assessed by immunoblot after nuclear fractionation of cells cultured in normal or calcifying media for 2 days ( Figure 2E ). Nuclear RUNX2 levels in Ddr1 −/− VSMCs were 90% lower than Ddr1 +/+ VSMCs in normal media ( Figure 2F ) and 77% lower under calcifying conditions ( Figure 2G ). RUNX2 activity was measured after transfecting a reporter plasmid containing multiple OSEs controlling luciferase expression. RUNX2 activity was reduced by 88% in Ddr1 −/− compared with Ddr1 +/+ VSMCs ( Figure 2H ). Furthermore, mRNA expression of osteocalcin (an RUNX2 target gene) was significantly Figure 2J ). Because cell death by apoptosis may also contribute to calcification, we measured cleaved caspase-3 levels by immunoblotting. Cleaved caspase-3 was elevated in Ddr1 +/+ VSMCs after 2 days in calcifying media compared with normal media and reduced in Ddr1 −/− VSMCs relative to Ddr1 +/+ VSMCs under both normal and calcifying conditions ( Figure 2J ). This suggested decreased apoptosis of Ddr1 −/− VSMCs.
DDR1 Modulates p-Akt Levels in VSMCs
To test the hypothesis that DDR1 modulates RUNX2 activity via Akt signaling, Akt activation was measured by calculating the p-Akt/Akt ratio. Akt activity was reduced by 80% in Ddr1 −/− compared with Ddr1 +/+ VSMCs under control conditions in normal media ( Figure 3A and 3C) . Insulin treatment resulted in a significant 2-fold increase in Akt activation in both Ddr1 +/+ and Ddr1 −/− VSMCs. With growth in calcifying media, there was a 74% reduction in Akt phosphorylation in Ddr1 −/− compared with Ddr1 +/+ VSMCs ( Figure 3B and 3D). Insulin treatment increased p-Akt levels in Ddr1 −/− but not Ddr1 +/+ cells, such that significant differences between Ddr1 −/− and Ddr1 +/+ cells were abolished ( Figure 3D ). These findings suggest that Akt signaling is perturbed with growth of VSMCs in calcifying media and that loss of DDR1 lowers p-Akt expression. When a plasmid encoding full-length Ddr1b was used to reconstitute expression in Ddr1 −/− VSMCs, Akt phosphorylation was increased ( Figure 3E ), suggesting a direct effect of DDR1 expression on p-Akt levels.
DDR1 Mediates VSMC Calcification Through the PI3K/Akt Signaling Axis
To assess the effect of the PI3K/Akt signaling axis on vascular calcification in vitro, Ddr1 +/+ or Ddr1 −/− VSMCs were cultured in calcifying media for 12 days and treated daily with insulin (10 nmol/L) to stimulate PI3K, or wortmannin (100 nmol/L) to inhibit PI3K, then stained with Alizarin red to assess calcification. Insulin augmented, whereas wortmannin attenuated calcification in both cell types, albeit with much higher levels of calcification present in Ddr1 +/+ compared with Ddr1 −/− VSMCs ( Figure 4A ). Next, we performed immunoprecipitation experiments to test the association between DDR1 and PI3K after treatment with type-1 collagen. Type-1 collagen treatment induced tyrosine phosphorylation of DDR1 (pY) and increased the association of DDR1 with the active PI3K subunits phospho-p85 and p110β ( Figure 4B ). Treatment with insulin also increased the association of DDR1 and PI3K and potentiated the effect of type-I collagen when both were added together ( Figure 4B ). This suggests cross talk between DDR1 and insulin signaling pathways. By contrast, treatment with wortmannin reduced the association of PI3K and DDR1 ( Figure 4B ).
DDR1 Deletion Affects ERK1/2 and P38 Activity; P38 Is Required for RUNX2 Activation
Previous studies have shown that RUNX2 activity is dependent on phosphorylation by ERK1/2 and P38, therefore we measured these kinases in VSMCs cultured in calcifying media. Phospho-ERK1/2 ( Figure 5A ) and phospho-P38 (
Figure 5B) levels were reduced in Ddr1 −/− VSMCs compared with Ddr1 +/+ cells. However, inhibition of these kinases (with MEKi for ERK1/2 or P38i) did not alter the nuclear localization of RUNX2 compared with dimethyl sulfoxide controls ( Figure 5C ). By contrast, P38 inhibition markedly decreased RUNX2 activity measured by luciferase assay in both cell types while ERK1/2 inhibition had no significant effect ( Figure 5D ). Probing a Western blot for phospho-RUNX2, we showed that P38 inhibition almost completely abolished RUNX2 phosphorylation in Ddr1 +/+ cells ( Figure 5E ). Taken together, these data suggest that although DDR1 is important for the activation of both ERK1/2 and P38, P38 but not ERK1/2 activity is required to phosphorylate and activate RUNX2 in VSMCs.
GSK3β Inhibition Results in an Increase in Osteochondrogenic Marker Expression in Ddr1
+/+ but Not Ddr1 −/− VSMCs GSK3β is a kinase downstream of Akt which phosphorylates RUNX2 at S369, S373, and S377, suppressing its transcriptional activity. 33 Akt is known to phosphorylate and inhibits GSK3β, and furthermore the loss of GSK3β is known to promote osteogenesis. We sought to determine whether GSK3β is implicated in DDR1-mediated vascular calcification. We found that phospho-GSK3β levels were decreased in Ddr1 −/− VSMCs ( Figure 6A ), which would indicate increased GSK3β activity which could in turn lead to the suppression of RUNX2 activity and VSMC calcification. To modulate GSK3β pharmacologically, VSMCs were cultured in calcifying media, treated daily with the GSK3β inhibitor LiCl(20 mmol/L) for 12 days, and probed for expression of smooth muscle and osteochondrogenic markers ( Figure 6B ). Ddr1 −/− VSMCs had significantly elevated expression of smooth muscle markers α-SMA and SM22α compared with Ddr1 +/+ VSMCs under control conditions ( Figure 6C and 6D) . Levels of the osteochondrogenic markers (Sox-9, Msx2, RUNX2, and BMP-2) were low and not significantly different between Ddr1
and Ddr1 −/− VSMCs under control condition ( Figure 6E-6H ). GSK3β inhibition with LiCl resulted in a significant increase in levels of osteochondrogenic markers RUNX2, Sox-9, and BMP-2 in Ddr1 +/+ VSMCs ( Figure 6E-GH ). These findings demonstrate an inhibitory role of GSK3β on VSMC transdifferentiation to the osteochondrogenic phenotype. Taken together, these data indicate that DDR1's role in promoting VSMC calcification is at least in part mediated by GSK3β.
Microtubules Are Disrupted in Ddr1 −/− VSMCs and Stabilization With Taxol Rescues RUNX2 Nuclear Localization but Not Activity
In addition to the phospho-signaling cascades that alter RUNX2 activation, the microtubule cytoskeleton regulates RUNX2 localization and activity 34 ; however, this has not been studied in VSMCs nor has the cytoskeleton been investigated in Ddr1 −/− VSMCs. Immunostaining for α-tubulin revealed alterations in cell morphology and microtubule organization in Ddr1 −/− VSMCs grown in normal or calcifying media. Ddr1 −/− VSMCs were larger, and tubulin staining was more diffuse in the cytoplasm with less prominent microtubules than in Ddr1 +/+ VSMCs ( Figure 7A ). Staining for RUNX2 was localized in the nucleus of Ddr1 +/+ VSMCs and mostly cytoplasmic in 
Ddr1
−/− VSMCs ( Figure 7B ). Cells were treated with taxol to stabilize microtubules, which enhanced tubulin staining and resulted in the appearance of short microtubules in Ddr1 −/− VSMCs ( Figure IV in the online-only Data Supplement). Taxol treatment resulted in a significant increase in RUNX2 nuclear staining in Ddr1 −/− VSMCs ( Figure 7B and 7C) . However, RUNX2-driven luciferase activity was inhibited by taxol in both Ddr1 +/+ and Ddr1 −/− VSMCs ( Figure 7D ). The latter is possibly because taxol treatment leads to the inhibitory phosphorylation of RUNX2 on S125, precluding the assessment of RUNX2 activity under these conditions.
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Discussion
Atherosclerotic vascular calcification is exacerbated by T2D, but our understanding of the mechanisms involved is incomplete. Here, we report for the first time that DDR1 signals via the PI3K/Akt pathway to modulate RUNX2 activity, promoting VSMC calcification in vivo and in vitro. Using Ldlr −/− mice fed a high-fat diabetogenic diet, we detected significant vascular calcification and robust nuclear RUNX2 localization in calcific atherosclerotic lesions of DDR1-positive, but not DDR1-deficient mice. The reduction in vascular calcification was consistent with our previously published findings in mice fed an atherogenic diet 15 and adds evidence that DDR1 influences calcification in a mouse model of diabetes mellitus. Furthermore, our in vitro experiments demonstrate a mechanistic pathway, whereby DDR1 influences RUNX2-dependant VSMC transdifferentiation via PI3K/Akt and GSK3β signaling.
We have observed some differences comparing Ldlr −/− mice fed a diabetogenic diet versus our previous studies with mice fed an atherogenic diet. First, plasma cholesterol was significantly reduced in DDR1-deficient mice fed the diabetogenic diet whereas this was not the case in our previous studies of mice fed an atherogenic diet. 15 Second, there was no difference in macrophage accumulation in plaques of DDR1-deficient mice fed the diabetogenic diet whereas our previous studies showed decreased macrophage accumulation in DDR1-deficient mice fed an atherogenic diet. 13 The reasons for these differences are likely because of differences in the 2 diets and will require further investigation. However, consistent across both models was a dramatic decrease in vascular calcification in DDR1-deficient mice which occurred irrespective of changes in circulating lipids and local inflammation. Moreover, we observed significant reductions in the ability of DDR1-deficient VSMCs in culture to transdifferentiate to osteochondrocytic cells, with experiments pointing to a reduction in activity of the critical transcriptional mediator RUNX2. Because this data strongly suggest VSMC-specific functions for DDR1, we turned our attention to in vitro experiments with these cells for further investigation of the mechanisms involved.
It has been shown that DDR1 binds to PI3K, 25 a kinase known to regulate proliferation, cell fate decisions, and insulin signaling. 36, 37 PI3K signaling through Akt regulates osteogenesis, 24 and it has been shown previously to drive VSMC calcification by inducing RUNX2 activity. 23 Given the central role of the PI3K/Akt pathway in both insulin signaling and osteogenesis, we focused our attention on this pathway. We show that in VSMCs activation of DDR1 with type-I collagen resulted in the association of the receptor with the PI3K subunits p110β and p85. This interaction was attenuated after treatment with the PI3K inhibitor wortmannin, which also inhibited VSMC calcification. DDR1 deficiency resulted in reduced phosphorylation of the downstream kinase Akt that was rescued by reconstitution of DDR1 expression in DDR1-deficient VSMCs. The association of DDR1 with PI3K and phosphorylation of Akt were also observed after insulin stimulation of VSMCs, suggesting there may be cross talk between DDR1 and insulin receptor signaling. These findings support the hypothesis that DDR1 promotes RUNX2 activity and vascular calcification via PI3K/Akt signaling.
ERK1/2 and P38 have also been shown to regulate RUNX2 activity during osteogenesis. 21, 22 In osteoblasts, ERK1/2 phosphorylates RUNX2 at S301 and S319, inducing RUNX2 transcriptional activity. 21 P38 also phosphorylates RUNX2 at S319, and inhibition of P38 results in reduced RUNX2 activity, 22 while P38 mutation results in reduced bone mass. 38 Less is known about these pathways in VSMC calcification. We found that although both ERK1/2 and P38 phosphorylation were reduced in Ddr1 −/− VSMCs, inhibition of these kinases did not affect RUNX2 nuclear localization in VSMCs. However, P38 inhibition abolished RUNX2 activity in both Ddr1 +/+ and Ddr1 −/− VSMCs and reduced the phosphorylation of RUNX2 at S319, suggesting that P38 is required for RUNX2 phosphorylation and activity. By contrast, ERK1/2 inhibition did not significantly affect activity in either cell type. These findings suggest that nuclear localization and phosphorylation of RUNX2 are both required for transcriptional activity of RUNX2 to occur and that these 2 processes are regulated by different mechanisms downstream of DDR1.
The mechanisms by which Akt regulates RUNX2 are complex; for example, in tumor cells, RUNX2 activity stability and nuclear translocation are all affected by Akt through direct and indirect mechanisms. 39 Akt directly phosphorylates and activates RUNX2, but in addition, Akt suppresses GSK3β, a known inhibitor of RUNX2. In our studies, we show a role for Akt suppression of GSK3β activity in regulating vascular calcification. We propose that DDR1-positive VSMCs robust Akt activity results in the inhibitory phosphorylation of GSK3β, which relieves suppression of RUNX2, allowing transdifferentiation and calcification. Conversely, Ddr1 −/− VSMCs had increased GSK3β activity as determined by reduced expression of p-GSK3β, which resulted in the suppression of RUNX2 and calcification. GSK3β inhibition with LiCl resulted in the upregulation of multiple osteogenic markers with a concomitant reduction in smooth muscle markers in Ddr1 +/+ VSMCs, demonstrating that inhibition of GSK3β is proosteogenic. However, LiCl did not affect the expression of osteogenic markers in Ddr1 −/− VSMCs, suggesting that suppression of GSK3β is insufficient for RUNX2 activation and calcification in these cells. It is likely that p38K mediated phosphorylation of RUNX2 and other as yet unknown mechanisms are required.
In addition to activation of RUNX2 through kinase signaling, previous studies have demonstrated interactions between RUNX2 and the microtubule and actin cytoskeletons which can influence osteoblastic differentiation or tumor cell metastasis. 34, 35, 40, 41 Staining for α-tubulin revealed that the microtubules were disorganized in Ddr1 −/− VSMCs, leading us to investigate whether microtubules might play a role in RUNX2 activation in VSMCs. We found that treatment of Ddr1 −/− VSMCs with taxol to stabilize microtubules rescued RUNX2 nuclear localization. However, the fact that taxol inhibits RUNX2 precludes the full analysis of activity. 35 Moreover, our findings stand in contrast to studies previously performed in tumor cells, where microtubule stabilization resulted in sequestration of RUNX2 in the cytoplasm, 34 thus preventing transcriptional activity. This suggests a different mechanism for RUNX2 regulation by microtubules in VSMCs. Finally, it is important to note that GSK3β is a potent suppressor of microtubule assembly and stability (reviewed by Zhou and Snider 42 ). Therefore, the elevated GSK3β activity in DDR1-deficient cells might lead to microtubule destabilization preventing RUNX2 nuclear localization, as well as to the direct inhibitory phosphorylation of RUNX2 at S369, 373, or 377. Further investigation into the regulation of RUNX2 by DDR1-mediated signaling and regulation of cytoskeletal organization will improve our understanding of the molecular mechanisms underlying the pathogenesis of vascular calcification.
Conclusions
The present study is the first to report that DDR1 promotes vascular calcification in T2D via PI3K/Akt-mediated signaling to induce RUNX2 activity. The regulation of GSK3β activity and microtubule assembly are important downstream mechanisms involved in VSMC calcification.
